Abstract-The focus of this paper is the development and assembly of a high lifecycle test fixture capable of simultaneously measuring contact resistance and contact force associated with microswitch reliability studies. This novel test fixture incorporates a piezo actuator for precise motion control and a high resonance force sensor for measuring forces in the μN range at cycle rates up to 3kHz. Preliminary tests using this test fixture have demonstrated the feasibility of producing high quality data to support various micro-contact research and have supplied new information for studying force/position and contact resistance/force. Also, upper and lower contacts have been fabricated using MEMS processing techniques which will be vital to the investigation of the mechanical and electrical aspects of contact physics. Finally, a customized fixture for mounting the micro-machined contacts and providing precise alignment of the contacts with the drive and force sensing components has been implemented. This assembly is isolated from externally generated vibrations and is installed in a "dry-box" enclosure to minimize surface contamination. This functionality will enable testing a wide range of contact materials and reliability studies.
INTRODUCTION
Microelectromechanical systems (MEMS) switches are key components for radio frequency (RF) circuits and applications [1] .
Due to their advantages (extremely low power consumption and small geometries) over other conventional technologies, they have become very important to the development RF systems such as space-based radar and tunable filters for secure communication channels. Fundamental to all RF systems is the requirement to switch between RF loads both efficiently and reliably. Two types of MEMS switches have been developed and incorporated into these systemscapacitive coupled and direct contact microswitches. Though both devices operate adequately with their own inherent limitations and reliability issues (capacitive switches suffer from charge buildup and contact switches fail over time due to either increased contact resistance or stiction) the microswitch has the advantage of extremely low line losses in the off-state. As a result, MEMS engineers have continued to develop these important devices and improve their reliability by investigating contact force, contact resistance, contact materials, mechanical switch designs and packaging. Test fixtures including: actual MEMS devices, atomic force microscopes (AFM) and nanoindentors, have been used to collect the required data (i.e. contact resistance and contact force) [2] [3] [4] . All of these methods, however, have limitations which restrict their ability to offer a complete analysis. For example, MEMS devices allow for lifecycle testing but not direct measurement of contact force which must be inferred through modeling. AFM and nanoindentor test fixtures allow direct contact force and resistance measurements but are limited by low resonance beams and piezoelectric sensors. Additionally, these type of fixtures do not allow testing contacts in unique ambient environments. However, this body of work has been quite productive in developing models for predicting contact resistance of unused surfaces, with respect to contact force [2, [5] [6] [7] . Microswitch reliability has been primarily improved through mechanical switch design improvements and packaging that "engineer away" unknown elements of the contact physics. A thorough understanding of the underlying physics is needed to facilitate further improvements. Obtaining data for studying these effects requires a unique fixture capable of high cycle rates with the added flexibility of conducting a wide range of reliability tests. Data collected will provide researchers with information necessary to design robust microswitches and to develop advanced reliability models.
II. DESIGN

A. Test Fixture
A test fixture for collecting micro-contact reliability data needs to have the ability to measure contact force and contact resistance simultaneously. The fixture (shown in Figure 1 ) being developed is configured with electronic equipment for control and monitoring of the tests being conducted in an environment free from vibration and other physical contamination [8] . The fixture consists of the following devices and electronic instrumentation: 1) micro-machined contacts implemented using two separate devices, an upper contact and a lower contact, 2) a piezo actuator for precision motion control to develop the contact force, 3) a high resonance force sensor capable of force measurements in the μN range at cycle rates up to 3kHz, 4) a custom mounting/alignment fixture for holding the contacts, mounting the piezo actuator and force sensor and providing the capability for proper alignment of these devices, 5) precision multimeters for voltage and current measurements, 6) a power supply to provide a constant current for the 4-point resistance measurement, 7) a waveform generator to provide additional control functionality, 8) a personal computer (PC) to control and monitor all test functions, 9) a vibration isolation table to minimize external noise, 10) a drybox to house the contacts to minimize surface contamination, and 11) a high definition or high speed camera to provide visual/physical information for morphology studies. Details in the setup and use of the test fixture are given in Section IV-A.
With the above configuration, the resistance in the system measured during the test can be modeled as shown in Figure 2 : From left to right, the values are: Rc (contact resistancethe value of interest), Rcf (resistance due to contaminate films), Rsh (sheet resistance) and Rpar (the parasitic resistance that accounts for the remaining connections; (e.g. clip leads and solder connections). Using the model above and assuming that the Rcf term is very small compared to the other resistances in the model, the contact resistance can be found from the resistance data collected during the tests using the equation:
Holm found that there are many contributing factors that must be included when studying contact resistance. Elastic or plastic deformation, material properties such as resistivity and hardness, thin film sheet resistance, fritting and tunneling effects are the more familiar of these factors but there are indeed more [9] .
When circular contact areas, diffusive electron transport and plastic deformation are considered [2] , a model for contact resistance is,
where, ρ is the resistivity and H is the hardness of the contact metal and F c is the contact force pressing the contacts together [2] . Because of the relatively soft gold surfaces on both devices, plastic deformation and diffusive electron transport will be assumed.
B. Piezo Actuator
In order to provide stable, repeatable and precise position/force control, a piezo actuator was selected that has a 0-20μm range of motion to provide a sufficient range of contact force (100's of μN) for the test fixture. Two control modes of the piezo controller were examined -open loop and closed loop. Both of these modes command the position of the piezo actuator but have different levels of speed and accuracy. The closed loop mode offers optimal position control but lacks sufficient speed necessary for reliability testing. However, this mode has been very useful during the initial test phase for determining other system parameters critical to completing the design of the test fixture. The open loop mode allows for the fastest cycle rates possible but suffers from a lack of position repeatability -there is a significant amount of hysteresis with this type of control (see Figure 3 ).
The effect of hysteresis will not degrade the quality of the tests run on this test fixture because studies of microswitches involve contact force and contact resistance not the voltage required to produce a contact force. Another anomaly found during the investigation into the maximum cycle rate the piezo could be driven was that both modes of operation were greatly affected by damping due the capacitive load of the piezo device and the mass in the system (Figure 4) . A proportional, integral, derivative (PID) control simulation in Excel was instrumental in studying this effect and developing a driving profile to compensation for the system dynamics. As seen in Figure 5 , the PID control alters the drive signal and causes the output to track the input more closely. In order to minimize this effect in the test fixture, a waveform generator was used to overdrive the position commands from the piezo controller causing the motion response to exhibit the required square wave ( Figure 6 ). 
C. Force Sensor
The requirements of a force sensor for this application include high sensitivity (μN resolution) and a high resonance frequency that will allow cycle rates to 3kHz. Also, the sensing surface area needs to be appropriate for working with MEMS devices. The selected device meets these requirements and provides a 50μm x 50μm square sensing area for microswitch testing. The mounting/alignment fixture has accommodations to mount and align the force sensor to the other components in the fixture. Early tests with the piezo actuator aided in the development of the control and configuration of the test fixture.
D. Micro-machined Devices
One of the goals of the authors is to design and fabricate two micro-machined devices that will form the contact under test. In the originally proposed design, these devices, shown in Figures 7 and 8, were to be made from 500μm silicon, 4 x 9 mm in size and mounted in the fixture so that the 2μm radius of curvature upper contact hemisphere would make contact with the center of the square area of the lower contact, a 4-segment tether. The cavity was to be wet etched anisotropically from the top side through to the bottom side. With an opening of 1.1mm at the top surface, this etch would produce an opening in the bottom surface of 605μm (based on the 54. During testing, the upper contact would be attached to the piezo actuator and moved toward the lower contact to cause an increase in the contact force. The force sensor would be placed behind the lower contact through the etched cavity to measure the contact force being applied by the upper contact. The bond pads on each device would provide wire bond connections to support 4-point resistance measurements. Although the micromachined devices are specifically designed for use with this test fixture, the ability to use many different metals with these devices gives this fixture the flexibility and versatility needed to perform advanced studies on contact surfaces and metallurgy.
III. FABRICATION
A. Mounting and Alignment Fixture
One of the most critical aspects in this approach is the precise alignment of all components to ensure that the micromachined devices make contact as designed. Unlike singlepart microswitches which have inherently perfect alignment, the two-part design requires a mounting fixture that can accommodate a high level of adjustment. Therefore, this fixture was designed to hold all components and devices with provisions for accurate alignment in 3-axes using a set of micromanipulators. A microscope is also provided to help with this process. See Figure 10 .
B. Upper Contact
The upper contact has been designed using a 390μm silicon substrate with a 2μm layer of SiO2 deposited through the Plasma-enhanced chemical vapor deposition (PECVD) process. A small wafer was cleaned with Acetone, Methanol, deionized water (DI) and dried with N2. After a 5 minutes plasma ash at 75W, a 1μm layer of AP8000 (an adhesion promoter for SiO2) was spun on at 4000rpm. The wafer was placed on a hotplate to bake at 110C for 75 seconds, allowed to cool, then a 2μm layer of Shipley 1818 positive photoresist was spun on at 4000rpm. A series of upper contacts, ranging in size from 2-8μm in diameter, were patterned on the wafer using an EVG620 Mask Alignment System with an ultraviolet exposure of 10s at a surface energy of 10.3mJ/cm2.
After developing in Microposit 351 Developer, rinsing with DI water and drying with N2, the wafer was placed on the hotplate for 1 minute at 150C to allow the photoresist to reflow and form hemispheric shaped structures. The process for creating these hemispherical contacts was given in a study by H. Toshiyoshi et al. for the fabrication of optical lenses [10] . It was found that a planar circular pattern of photoresist will take the shape of a hemisphere when allowed to reflow as a result of heating at an elevated temperature. This process forms a hemispherical shaped contact surface ideal for microswitch studies. This shape was then etched into the SiO2 layer through a reactive ion etching (RIE) process -a scanning electron microscope (SEM) image of this structure is shown in Figure 11 . White light interferometer (IFM) and profilometer measurements indicated a radius of curvature of about 10μm. The final steps in the fabrication of the upper contact were to deposit an adhesion layer of Ti (100A) and a layer of Au (5000A) to form a contact surface. 
C. Lower Contact
The lower contact is made from the same bulk material390μm silicon substrate with a 2μm layer of SiO2. Currently, two types of lower contacts have been fabricated for testing in the fixture. The first was the original design of a tethered target (SiO2) in the middle of a 1.1mm square opening. The second was a solid SiO2 membrane across a cavity approximately 1mm square. The tethered design has been fabricated using a wet anisotropic etch in a 25% tetramethylammonium hydroxide (TMAH) solution at 75C which achieved an etch rate of 30μm/hr. For a 390μm silicon wafer, this resulted in a 13 hr. etch. Reduction of the time for the anisotropic etch was found by patterning a square hole underneath the pattern of the tethered structure through a double-sided lithography process. Etching both sides of the wafer simultaneously decreased the time to 9 hours. After 7 hours, there was a slight amount of silicon remaining under the target area (see Figure 12) . The extra 2 hours of etching were needed to remove the rest of this silicon to obtain a planar surface to ensure proper alignment with the tip of the force sensor. Another attempt to shorten the fabrication time of these devices was conducted by patterning the square hole on the bottom side of the device and processing the wafer with deep reactive ion etching (DRIE). Then, the intent was to pattern the tethered target and RIE the pattern in the SiO2 on the top side. However, because the SiO2 was too fragile for subsequent fabrication, this procedure was abandoned. Instead, work was redirected to the full membrane design with the DRIE process being the favored etching method. Several wafers were processed and diced into strips (4 x 15mm) for mounting into the test fixture. When examining the devices from both processes, effects of residual stress in the SiO2 layer (developed during fabrication) were found. IFM measurements showed that the SiO2 layer had deflected 40μm in both designs. Also, SEM images of the tethered (double-etch) and membrane (DRIE) designs show how residual stresses in the SiO2 layer can affect the contour of the material (Figures 13  and 14) . A different set of devices were fabricated with smaller cavities and thicker layers of SiO2 to determine if the width of the cavity and material thickness have an effect on the deflection due to residual stress. Preliminary investigations indicate that thicker layers of SiO2 do not reduce this effect but a smaller window in the silicon decreases the amount of deformity and alters the shape. Studies into this phenomenon will continue and are showing progress to produce a device with a planar surface. This will be vital to the overall success of the test fixture.
IV. TEST AND RESULTS
A. Test Fixture Setup
The design and development of a test fixture that can be configured for various modes of testing including life cycle studies, is required for enabling researchers to investigate MEMS microswitch fundamentals and improve their reliability. Though the test fixture can be used to study contact resistance versus contact force, the main purpose of this test fixture is to conduct reliability testing through high cycle rate sequencing of the contacts. A detailed description of the major components is presented next (see Figures 1, 15 and 16 ). Control and monitoring of the test fixture is managed by a LabView program that automates testing and data collection. The electronic monitoring equipment is configured for 4-point resistance measurement and includes two Agilent 34410A multimeters for measuring the voltage (mV) and current (mA) and an Agilent U3606A power supply for providing a constant current (mA). In addition, an Agilent 33250A waveform generator is programmed to supply an enhanced driving signal to the piezo actuator to overcome 2nd order effects due to energy storing components in the system. All hardware instrumentation communicates with the PC via USB and RS-232 interfaces. Next, the procedure for setting up the test fixture is given.
The first step is to fabricate both the upper and lower contact devices and deposit a test metal on them. (Before depositing the test metal, a layer of titanium or chromium is deposited to ensure good adhesion of the gold film to the SiO2 coated Si substrate). The second step is to make electrical connections between the test devices and the metering in the test fixture. This is accomplished by 1) wire bonding 25μm diameter gold wires to the bond pads on each of the devices, 2) mount both devices in the test fixture (the upper contact is attached to the piezo actuator and the lower contact is mounted in its holder), and 3) solder the other ends of the gold wires to the termination points where the meter leads are connected. The third step is to properly align the piezo (with the upper contact attached), the lower contact and the force sensor using the micromanipulators in the mounting/alignment fixture. Finally, the lid to the dry box is sealed to maintain a controlled environment of 1atm with gasses such as nitrogen (N2) and argon (Ar) and the vibration isolation table is activated.
B. Test Fixture Method
After setting up the test fixture as described in Section IV-A, all equipment is turned on and the LabView program is run. The program prompts the user to ensure proper alignment and initializes the force sensor measurement. The program then finds the zero contact force and maximum resistance point and defines this as the home or starting position for all subsequent testing (until another initiation is commanded). Next, the operator sets the test parameters for the test he wishes to run and begins the test. Data collected during the test includes the voltage and current at the contact surfaces which are used to compute the contact resistance, the force being applied between the contacts, the positioning voltage and setpoint/actual positions of the piezo. During and at the end of the test, the high definition (or high speed) camera can be used to examine the physical condition of the contact surfaces for morphology studies. While many test modes are possible, two primary modes are envisioned with this test fixture. In Mode 1, the contact force is increase while collecting both force and resistance data. In Mode 2, the contact is cycled to an open and close state at a rate of up to 3kHz. When conducting this test, the waveform generator provides an overdrive command signal to cause the piezo to react in a very precise square wave motion from 0 to a known force value. The resistance value can be monitored periodically to verify contact performance.
C. Test 1: Piezo Actuator and Force Sensor
To date, several tests have been conducted with the test fixture. Though preliminary, they have been instrumental in the development of the test fixture and the devices being tested. Early in the development of the control aspects of the test fixture, investigations into the operation of the piezo actuator were conducted to determine the maximum cycle rate that could be achieved from the combination of the piezo and the high resonant force sensor. The setup of the experiment was limited to the piezo actuator and the force sensor. The two components were mounted on two separate fixtures in close proximity with the capability to finely adjust the spacing for finding the zero force position. The maximum cycle rate obtained from this setup was found to be 3kHz -limited by the current capability of the piezo controller. See Figures 17 and  18 for the force vs. position characterization without and with the waveform generator. Testing with this configuration produced data that showed a force/position constant of about 120μN/nm (Figure 19 ). 
D. Test 2: Piezo Actuator, Force Sensor and Membrane
Another preliminary test was conducted to determine how the lower contact with a membrane across the entire cavity would work in the fixture and what forces might be associated with the device. The test fixture was reconfigured for this test by mounting the piezo so that it could push the force sensor into the cavity and produce a force on the membrane. Because the piezo was pushing against the springs in one of the micromanipulators, forces in the system were much higher than before but not in the measurement by the force sensor. This affected the force/position constant by reducing the value to about 0.03μN/nm. See Figure 20 . The high force component in this configuration will not allow high quality testing and will not be used in the final setup of the test fixture. However, this showed the flexibility of the design and demonstrates that new configurations can easily be produced.
E. Test 3: Contact Force versus Force
A final preliminary test involved collecting resistance and force data simultaneously. In preparation for this test, the lower contact was coated with 200A of titanium (adhesion layer) and 6000A of gold while the upper contact was a 4 x 6mm planar surface coated with 200A of titanium (adhesion layer) and 5000A of gold. The lower contact was loaded into the holder as before and aligned with the force sensor tip. In the absence of a hemispheric upper contact, the tip of the force sensor was used indirectly to form a 50μm square contact area. Placed behind the membrane inside the cavity, the force sensor was brought into slight contact with the backside of the membrane while observing the force sensor output. Next, the piezo with the attached upper contact was manually adjusted until physical contact was made between the upper contact and the lower contact while observing the force sensor output and the current through the contact. With all components in place, the LabView program was run to simultaneously collect contact resistance vs. contact force data. Using the data measured, the resistance model from Figure 2 , and Equation (1), the contact resistance versus contact force relationship is shown in Figures 21 and 22 . As shown, the classic drop in contact resistance with an increase of contact force was observed.
Even though the tested devices were very preliminary, the data collected during this experiment demonstrate the feasibility of the test fixture and substantiate continued development. Combining the techniques used or learned in all three preliminary tests, as well as the design and fabrication of advanced MEMS devices, the goal of a microswitch reliability test fixture capable of lifecycle testing will be realized. 
V. CONCLUSION
Preliminary testing conducted during the development of the microswitch reliability test fixture has demonstrated a unique capability to acquire significant data for studying microcontact physics and their effects on device reliability. The combination of a unique, high resonance force sensor and a customized fixture has been instrumental. The knowledge gained through these studies will enable increased reliability of other MEMS devices and related technologies whose operation is dependent on similar electrical and physical effects.
